Weyl semimetal with Weyl fermions at Fermi energy is one of the topological materials, and is a condensed-matter realization of the relativistic fermions. However, there are several crucial differences such as the shift of Fermi energy, which can hinder the expected interesting physics. Chiral anomaly is a representative nontrivial phenomenon associated with Weyl fermions, which dictates the transfer of fermions between the Weyl fermions with opposite chirality; it is manifested as the negative magnetoresistance. Here we demonstrate that the magnetoresistance is robust against the deviation from the ideal Weyl Hamiltonian such as the shifted Fermi energy and nonlinear dispersions. We study a model with the energy dispersion containing two Weyl nodes, and find that the magnetoresistance persists even when the Fermi level is far away from the node, even above the saddle point that separates the two nodes. Surprisingly, the magnetoresistance remains even after the pair annihilation of the nodes.
I. INTRODUCTION
Quantum anomaly, the violation of conservation laws by quantum effect, has a long history of study in the field of quantum field theory, deeply rooted in its foundation [1] . One such phenomenon is the chiral anomaly, which was initially discovered in the problem of photon self-energy [1] [2] [3] [4] [5] . Later, the violation of the chiral symmetry was also discovered in the electromagnetic response of Weyl Hamiltonian [6, 7] , where the conservation of the chiral charge is violated in presence of both electric and magnetic field [7] . Interestingly, it was also pointed out that a similar phenomenon can be captured by a semiclassical transport theory, by taking into account the Berry phase effect [8] . While these studies on the magneto-transport phenomena revealed the effect of quantum anomalies on transport phenomena, experimental investigation in high-energy physics remains unexplored due to the lack of experimentally accessible Weyl fermions.
Theoretical predictions of the Weyl fermions in ferromagnetic metals [9] and also semimetals, i.e., Weyl semimetals, (WSMs) [10] [11] [12] [13] [14] opened the possible studies of chiral anomaly in solids. This theoretical possibility is indeed realized by the discovery of three-dimensional Dirac [15, 16] and Weyl [17, 18] semimetals. These materials are considered to be an experimental platform for studying unique responses in Dirac and Weyl fermions to the electromagnetic field [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] . Furthermore, the realization in solids allowed experimental generation of pseudo-electromagnetic fields by magnetic fluctuations [34] and by lattice strains [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] , providing greater freedom in experiments to study rich physics related to Weyl semimetals, such as the quantum anomaly.
In experiments, the chiral anomaly is often investigated by transport experiments where the anomaly is predicted to gives rise to negative longitudinal magnetoresistance (LMR) [7, 8, 46, 47] ; the LMR experiment is carried out in several Weyl and Dirac semimetals [48] [49] [50] [51] [52] [53] [54] [55] [56] , showing negative magnetoresistance which is seemingly consistent with the theoretical predictions. The experimental confirmation of chiral anomaly, however, still remains a controversial issue. In part, this is a technical problem related to the distinction between different mechanisms for negative LMR, which was recently investigated experimentally [57] . A more fundamental problem, on the other hand, remains on the validity of the Weyl Hamiltonian. Unlike its counterpart in the highenergy theory, the realistic effective theory for the existing Weyl and Dirac semimetals turns out to be somewhat complicated than the Weyl Hamiltonian; the Weyl Hamiltonian only applies to a limited energy range often below the Fermi energy. For example, in Cd 3 As 2 , the Fermi level of the material is above the saddle point that separates the two nodes [ Fig. 1(d) ]. This situation in the materials cast doubt on how match of the physics of Weyl fermions survives in these materials. Nevertheless, a negative LMR similar to that in other WSM materials is recently observed in Cd 3 As 2 [58, 59] ; naively, this implies one of the two possibilities: the physics related to chiral anomaly is robust (appears in a rather general class of models with Weyl nodes) or the observed LMR is not related to the chiral anomaly. Despite the controversial situation, systematic theoretical investigation on such issues remains unexplored.
In this work, we study the general features of anomalyrelated magnetoresistance. In particular, we study the anomaly-related LMR when the chemical potential is away from the Weyl nodes, considering both the semiclassical region under a weak magnetic field and quantum region in the presence of strong magnetic field where the Landau levels are well formed. In the semiclassical limit, we derive a general formula for the anomaly-related O(B 2 E) response, which is related to the Berry curvature. The formula explicitly shows that the contribution to the anomaly-related LMR does not cancel out even when all nodes are enclosed in a Fermi surface, i.e., when the Fermi level is far away from the Weyl nodes. The formula also implies that no abrupt decrease of the anomalyrelated current occurs at the Lifshitz point where the arXiv:1808.09093v1 [cond-mat.mes-hall] 28 Aug 2018
Fermi surfaces of the Weyl nodes merge. We demonstrate these results by applying the theory to a model with two Weyl nodes [ Fig. 1(c) and 1(d) ]. We discuss that the anomaly-related LMR robustly remains even when the Fermi level is far above the saddle point separating the two nodes [ Fig. 1(d) ], and no abrupt decrease occurs at the µ = m 2 , when the chemical potential reaches the saddle point of dispersion that connects the two Weyl nodes. This result indicates that the anomaly-related current of similar magnitude should be observed even when the Fermi level is above the saddle point, as long as the chemical potential is in the same order as the energy of the saddle point. On the other hand, the LMR under the strong-magnetic-field case is more dependent on the details of the model; a clear LMR appears only in the strong-field limit, if the lowest Landau level crosses the Fermi level. However, whether the chiral mode (lowest Landau level) crosses the Fermi level depends on the details of the Hamiltonian and the chemical potential. The behavior of the conductivity when the Fermi level is above the saddle point is shown in Fig. 1(a) , where the black solid line is for the case in which the chiral mode exists at the Fermi level and the dashed line is for the case when the chiral mode is away from the Fermi level. In addition, we find that a remnant LMR exists even when the Weyl nodes vanish by the pair annihilation. We also reveal the critical behavior around this gap opening transition. The result indicates that the negative LMR in the semiclassical region robustly remains, especially in the weak-field limit, providing a strong evidence for the existence of Weyl nodes and/or in close vicinity of the Weyl semimetal (WSM) phase.
II. NEGATIVE MAGNETORESISTANCE IN SEMICLASSICAL TRANSPORT THEORY
To investigate the behavior of anomaly-related phenomena when the Fermi level is away from the Weyl nodes, we first consider the case of the weak magneticfield limit ω c τ 1, where ω c is the cyclotron frequency of the electrons and τ is the relaxation time. We reformulate the semiclassical Boltzmann theory for magnetoresistance and explicitly show that, if the anomaly-related current exists, the sign of anomaly-related magnetoresistance is negative for arbitrary Hamiltonian. Moreover, the formula we introduce directly shows that the contribution from different nodes do not cancel out even when the Fermi level is away from the Weyl nodes and all nodes are enclosed in a Fermi surface.
We start from the semiclassical Boltzmann theory with Berry phase collection [60, 61] . In the Boltzmann theory, the electron density n kα for band α and momentum k is calculated from the Boltzmann equation
where q is the charge of the particle and
is the electric (magnetic) field; n kα , v kα , and b kα are respectively the occupation, group velocity, and the Berry curvature. We here used the relaxation time approximation where τ is the relaxation time, δn kα ≡ n kα − n 0 kα and n 0 kα = f 0 (ε kα ) is the Fermi-Dirac distribution function with ε kα being the energy of the state.
To study the general features of the anomaly-related transport phenomena, we generalize the Berry phase formalism developed in Ref. 8 . Several forms of the generalizations of Ref. 8 was attempted in several recent works for Weyl Hamiltonians [47, [62] [63] [64] [65] [66] [67] [68] . However, here, we reformulate the formula in a form which explicitly shows that the LMR from the anomaly-related current always gives a negative contribution to LMR. In the semiclassical Boltzmann theory, the electric current reads
is the electric (magnetic) field; n kα , v kα , and b kα are respectively the occupation, group velocity, and the Berry curvature of electrons with crystal momentum k and band index (including spin) α. Note that the first term in the integrand of Eq. (2) corresponds to the conventional current, the second term to the intrinsic anomalous Hall effect (AHE), while the third term is the anomaly related contribution which is the main interest of the present paper. Assuming the steady state (∂ t n kα = 0), and solving the Boltzmann equation in Eq.
(1), we find
where (n 0 kα ) ≡ ∂ ε n 0 (ε kα ) is the derivative of the Fermi distribution function. We here expanded the solution up to second order in the electromagnetic fields, and linear order in the relaxation time.
Substituting this equation into Eq. (2), the anomalyrelated response in the order of O(EB 2 ) reads
where
. Suppose we apply the electric field along a unit vector e E . Then, the current
where E = |E|. Therefore, the Berry phase contribution to LMR exists if the region of k with W kα = 0 has a finite measure on the Fermi surface. This essentially indicates that a nonzero negative LMR appears when b kα = 0, as there is no reason to be W kα = 0 on the entire Fermi surface unless b kα = 0. In WSMs, this also implies that the anomaly-related LMR appears even when all Weyl nodes are enclosed inside one Fermi surface; in this case, the total charge of Weyl nodes are zero, but the Berry curvature induced by the Weyl nodes (and W kα ) are still nonzero, in general. Another interesting consequence of Eq. (5) is that the induced current along the electric field direction always gives a negative contribution to the resistivity, i.e., the anomaly-related LMR is always negative. These general features imply that the anomaly-related LMR in WSMs are also robust, regardless of the details of Hamiltonian. Moreover, the result indicates that the contribution from different Weyl nodes does not cancel out even when the Fermi level is away from the Weyl nodes and all nodes are enclosed in one Fermi surface.
We next consider the case in which E and B are perpendicular to each other. Applying E · B = 0 to Eq. (4), we find
Hence, similar to the case of LMR, negative magnetoresistance due to the Berry curvature also appears when B ⊥ E. Therefore, a negative magnetoresistance in the E ⊥ B can appear even within the free electron approximation. In real materials, however, this contribution competes with the conventional magnetoresistance which gives a positive contribution [66] . Therefore, the sign of the magnetoresistance depends on the details of the band structure. We also note that this term remains finite also for the Weyl Hamiltonian in contrast to Ref. 8 , in which the anomaly-related current vanish when E ⊥ B. This is difference originates from the different approximation used for the electron distribution; we used the standard relaxation-time approximation while Ref. 8 considered a limit where intra-node scattering is much faster than the inter-node ones. Further discussion on the sensitivity to the electron distribution is given in Appendix B.
In the last, we note that a similar argument on the amount of charge in each electron/hole pockets in the Brillouin zone shows that the rate of charge pumped between different pockets is determined only by the total charge of magnetic monopoles inside the pocket. This implies that the chiral charge pumping by the chiral anomaly is also robust. Details on this argument are given in Appendix A. 
III. ANOMALY-RELATED CURRENT IN THE WEAK MAGNETIC FIELD A. Two-node model
In this section, we apply the general argument presented in Sec. II to a model with two Weyl nodes and study how the anomaly-related response typically behaves with changing µ. The Hamiltonian reads
When m 2 > 0, this model has two Weyl nodes at ε = 0; this is an example of the Weyl semimetals with broken time-reversal symmetry. The low energy theory around the Weyl points become the isotropic Weyl Hamiltonian when m = 1/2, while the cones become anisotropic otherwise. The dispersion is shown in Fig. 2(a) . This model has two Weyl nodes, which are separated by a saddle point; when |µ| < m 2 , there are two Fermi surfaces, each enclosing one Weyl node. On the other hand, the two Fermi surfaces merge into one when |µ| > m 2 . The
Berry curvature of the conduction band b k+ is shown in Fig. 2(b) ; the source and the drain of b k+ at k z = ±1/2 corresponds to the position of the Weyl nodes. In this model, the Berry curvature distributes in the momentum space in a similar manner as the magnetic field around a magnetic dipole, i.e., it decays in a power of k = |k| when k → ∞. Reflecting this feature of b k+ , W k+ also decays in the power of k; the distribution of W k+ when the magnetic field is along the z axis is shown in Fig. 2(c) .
The result shows that W k+ remains finite even when ε k+ > m 2 . According to Eq. (5), this implies that the magnetoresistance related to the Berry curvature also appears even when the Fermi level is µ > m 2 .
The anomaly-related current in some limits of this model was previously studied using a formula similar to Eq. (4) [69] . On the other hand, we calculate the anomaly related O(EB 2 ) response for an arbitrary value of µ using Eq. (4). We find the general solution has the form
for a = x, y and
For Eq. 8b, the term that corresponds to the fourth term in Eq. 8a can be converted to a sum of the other three terms, i.e.,
(B · B)E z ; therefore, the fourth term is absent in Eq. 8b. In the previous works considering Weyl Hamiltonian, the current is proportional to (B · E)B. In contrast, our result for the anomaly-related current has four terms:
The general form of σ a i for arbitrary µ are given in Appendix C.
In the µ → 0 limit, the result corresponds to a Weyl semimetal with two Weyl nodes. The solution for this limit is obtained by Laurent expansion of σ a i by µ around µ = 0 point. The result reads
Hence, by approaching the Weyl node (µ = 0), the current diverges with ∝ 1/µ 2 . The anisotropy in the above solution reflects the anisotropy of the velocity of the Weyl nodes. In the result, the ratio of (E · B)B and
. Hence, the (E·B)B term is either similar or larger than the (B·B)E term when m is the order of 1. The anisotropy is natural since the distribution of Berry curvature is dipole-like and anisotropic in momentum space.
In the Hamiltonian in Eq. (7), the velocity of Weyl nodes is isotropic when m = 1/2. In this case, the above solutions become isotropic:
This qualitatively reproduces the results for the Weyl Hamiltonian studied in Ref. [8] . The result, however, has several differences: we find the current proportional to (B · B)E in addition to the (B · E)B term, and the current is reduced by 8/15 when E and B are parallel (the ratio of the two terms is χ a = 7). As discussed in Appendix B, these differences are consequences of the difference in the electron distribution assumed. The difference in the result shows that, unlike the usual Berry phase effects, the anomaly-related current is sensitive to the electron distribution. This is a natural behavior considering that Eq. (4) indicates the current is related to the change of the electron distribution on the Fermi surface.
We next turn to the case when µ > m 2 , i.e., when the chemical potential is above the saddle point. As mentioned above, as the magnitude of the Berry curvature decays with a power of µ, it is expected that the anomalyrelated current also decays with a power of µ, i.e., they remain finite even above the saddle point. Indeed, by expanding the general solution with respect to 1/µ, we find the current in the µ m 2 limit reads:
Therefore, the anomaly related magnetoresistance remains nonzero even when µ m 2 . The result, however, shows a qualitative difference in the asymptotic behavior compared to the µ m 2 case. In this limit, the asymptotic form of the current is J
. Hence, the (E · B)B term is either similar or an order of magnitude larger than the (B · B)E term.
The above argument on the µ m 2 case indicates that the LMR of a similar order to the case of µ < m 2 remains if the current does not decay rapidly when µ crosses m 2 , i.e., when the Fermi level crosses the saddle point. We study this possibility by expanding the general solution with δ ≡ µ − m 2 ; we find the current has two terms, J ano = J b1 + J b2 Θ(−δ), where J b1 is the analytic part and the later is the singular part of the current (Θ(x) is the Heaviside's step function):
The explicit form of J b1 is given in Appendix C. Reflecting the singular change of the Fermi surface at µ = m 2 , J ano shows a non-analytic behavior which is characterized by the divergence of the second derivative of J a ano with respect to µ for a = x, y, and third derivative for J z ano . However, the result is continuous and changes smoothly when µ ∼ m 2 . As no abrupt decrease in the magnetoresistance appears around µ ∼ m 2 , we expect to see the LMR of similar magnitude even when µ > m 2 , i.e., when the two Weyl nodes are enclosed in a Fermi surface.
The summary of the above analyses is shown in Fig. 1(b) for the case when B E. As the distribution of W kα in Fig. 2(c) is smooth throughout the Brillouin zone, we expect a gradual change of the anomaly-related MR. Indeed, we find the Berry phase related current of this model diverges proportional to µ −2 in the µ → 0 limit and decays µ −3/2 when µ m 2 . These two limits are connected smoothly without any abrupt change at µ = m 2 , when the Fermi surfaces of the two Weyl nodes merge. Our result on the two-node Hamiltonian shows that the anomaly-related MR robustly remains even when the Fermi level is far away from the Weyl nodes.
B. Anomaly-related current near the critical point
We next investigate how the anomaly-related current behaves around the critical point at which the two Weyl nodes pair annihilates. As an example of such, we here consider the model similar to Eq. (7), but with opposite sign for the m 2 term (the two Weyl nodes in Eq. (7) merge at m 2 = 0):
Here, we assumed m 2 > 0. The band structure of the model is shown in Fig. 3(a) . This model shows a band gap of size 2m 2 ; the density of states is zero when µ ∈ [−m 2 , m 2 ]. Although the band structure looks like a trivial semiconductor, the conduction band of this model has non-zero Berry curvature as shown in Fig. 3(b) , and hence, non-zero W k+ as in Fig. 3(c) . Therefore, although no Weyl nodes exist, we expect a similar LMR even after the Weyl nodes pair annihilates, at least close to the pair annihilation point where the Berry curvature around the band bottom is large.
When m 2 = 0, i.e., at the critical point [70] , the anomaly-related current in the weak magnetic-field limit is obtained by substituting 
We note that, when B E, only the current along the electric field direction survives with chemical potential dependence µ −3/2 . Hence, when µ → 0, the current diverges with a different power from the Weyl case, ∝ µ −2 .
When m 2 > 0 and µ is close to the band edge, i.e., µ ∼ m 2 , the current reads:
for δ ≡ µ−m 2 ≥ 0 and zero otherwise. Therefore, a finite anomaly-related current appears when δ > 0. The critical behavior of the current is highly anisotropic reflecting the symmetry of the Hamiltonian; it increases by δ 3 2 for the current along x and y. For the z axis, in general, the current is proportional to δ 5 2 for the current along z axis. However, when B and E are both parallel to the z axis, the first two terms in Eq. (16b) cancels, and the leading order becomes δ 7 2 . When δ < 0, on the other hand, the Fermi level is in the band gap, and therefore, the current is zero.
The result for J ano for µ m 2 is the same as in Eq. (12) for J 
Hence, the Berry-curvature-related current exists for arbitrary filling, even after the Weyl nodes vanish. The remnant of the Weyl nodes is found in the magnetoresistance even after the two Weyl nodes vanish by a pair annihilation.
IV. ANOMALY-RELATED CURRENT UNDER THE STRONG FIELD A. Two-node model
We next turn to the strong field limit ω c τ 1, where the Landau levels are formed. In this limit, the above semiclassical treatment of the magnetic field fails. Instead, we study the MR in this limit by considering the Boltzmann theory for the Landau levels [7] . We here consider the case in which the magnetic field is applied along the z axis. In this case, the eigenenergies and the eigenstate wavefunctions of the Landau levels for the general Hamiltonian
is obtained by the same method used for Weyl Hamiltonian in Ref. [7] ; here, f (k z ) is a general function of k z . Assuming qB z > 0, the eigenenergy reads
where sgn(n) = 1 for n ≥ 0 and −1 for n < 0; most of the results remain the same when qB < 0, except that sgn(n) = −1 for n = 0. Here, each Landau levels are
fold degenerate, where L is the length along x and y directions and x is the largest integer smaller than x. Therefore, when a Landau level crosses the Fermi level, the contribution of the level to the conductivity is expected to increase proportionally to B. The Landau levels for the model in Eq. 7, i.e., f (k z ) = k 2 z − m 2 , is shown in Fig. 4 . The mode that crosses the = 0 corresponds to the chiral modes of the Weyl Hamiltonian; ω 0 (k z ) = 0 when k z = ±m, which correspond to the positions of the Weyl nodes in absence of the magnetic field. When µ 2 < 2qB z , the chiral mode is the only mode that contributes to the electric conduction. In this limit, the Boltzmann theory within the relaxation-time approximation gives j z = q 3 2π 2 τ E z B z , corresponds to the two Weyl nodes case in Ref. [7] ; the result is independent of the group velocity of the electrons, which is a characteristic feature of the 1d systems.
When µ 2 > 2qB z , the result for µ 2 < 2qB z is modified to include the contributions from different Landau levels:
where 2n b is the number of crossings between the Landau levels and the Fermi level with
x is the floor function. The last term in the square bracket comes from the chiral mode. The quantum oscillation comes from the product of B z and the floor functions in n b . The result is plotted in Fig. 4(b) . In the µ 2 m 2 , 2qB z limit, Eq. (21) is approximated as
, where the O(1) is related to the quantum oscillation. Therefore, the current becomes
Hence, in this limit, the magnetic field dependence of conductivity only shows up in the oscillation, which is the O(1) effect neglected in Eq. (22) . In Fig. 4(b) , this corresponds to the limit B → 0, where the conductance converges to a finite value with oscillations around it. A notable difference in the structure of the quantum oscillation appears in the box-like structure of the conductivity at the right-end of the slope. This reflects the band structure of the two-node model, where the bottom of each Landau level is located at k z = 0; this structure vanishes when µ ≤ m 2 . Another characteristic behavior appears in the strong field limit √ qB > |µ|. In this limit, the Landau levels with |n| > 0 does not cross the Fermi level as the modes with n > 0 (n < 0) move to a higher (lower) energy. Therefore, the only Landau level that can cross the Fermi level is the n = 0 mode. This is the case when µ > −m 2 of which an example is shown in Fig. (4)(b) for µ = 1; this corresponds to the situation considered in Ref. [7, 46] .
, however, the system shows a different behavior. In the two-node model in Eq. (7), the chiral mode exists only for µ ≥ −m 2 . Therefore, when the Fermi level is µ < m 2 , the conductivity goes to zero in the strong field limit. These results are summarized in Fig. 1(a) .
When the magnetic field is flipped, i.e., qB < 0, the dispersion of the chiral mode also flips, i.e. ω 0 = −(k 2 z − m 2 ), and therefore, the equation for n b become
Hence, in this case, the negative magnetoresistance in the strong-field limit appears only when µ < m 2 , in the opposite to the qB > 0 cases.
B. Near critical point
A similar argument also holds for the model in Eq. (14), when the system is near the critical point which the two Weyl nodes appear from a band touching. In this case, the current reads:
Most of the arguments above also apply to this case: when µ m, qB, the conductivity is σ zz =
where the quantum oscillation is included in the O(1), and σ zz ∝ B z in the strong field limit when only the lowest Landau level crosses the Fermi level. A difference is that the chiral mode crosses the Fermi level only when µ > m 2 for qB > 0 (µ < −m 2 for qB < 0), in contrast to µ > −m 2 (µ < m 2 ) in the case with two Weyl nodes.
V. DISCUSSION
To conclude, we studied the magnetoresistance in the Weyl semimetals that are related to the chiral anomaly. In the semiclassical limit, using the Boltzmann theory approach, we derive a general formula for the O(B 2 E) response in the weak-field limit which is related to the Berry curvature of the electronic bands. The result shows the anomaly-related current is proportional to the square of W a kα , as shown in Eq. (5); for longitudinal negative magnetoresistance, it always gives an additional current along the electric field direction, i.e., longitudinal negative magnetoresistance as (W a kα ) 2 ≥ 0. In the case of Weyl semimetals, this shows that the contribution from different Weyl nodes do not cancel each other even when the Fermi level is away from the Weyl nodes and all the nodes are enclosed in a single Fermi surface. By considering a model with two Weyl nodes, we explicitly show that the anomaly-related magnetoresistance exists even when multiple Weyl nodes share a Fermi surface. Moreover, we find that the anomaly-related MR decays smoothly with increasing chemical potential. Therefore, a similar magnitude of magnetoresistance is expected even when all nodes are in a pocket.
On the other hand, in the quantum limit where the Landau levels are well formed, the behavior of the conductivity is governed by the structure and the degeneracy of Landau levels. In the relatively weak field region where a large number of Landau levels cross the Fermi surface, we show that the conductivity is roughly independent of the magnetic field unlike the semiclassical case; the quantum oscillation appears as a small wiggle on top of the field-independent conductivity. The chiral magnetic effect studied in Ref. [46] is evident in the conductivity only when the lowest Landau level (chiral mode) crosses the Fermi surface. In general, this depends on the details of the Hamiltonian and chemical potential. However, the chiral mode in Eq. (7) crosses the Fermi level for arbitrary µ > −m 2 (if qB > 0). Therefore, the contribution from the chiral mode may also appear even if the Fermi level is far away from the Weyl nodes.
These results show that, especially in the semiclassical region, the magnetoresistance related to the chiral anomaly is extremely robust regardless of the details of the Hamiltonian nor the position of the Fermi surface. Furthermore, in our analyses on the gapped model in Eq. (14) (see also Fig. (3) ), we find that the magnetoresistance remains even after the Weyl nodes pair annihilates.
In regard to experiments, recent experiments on Dirac/Weyl semimetal candidates observe negative magnetoresistance. However, its relation to the anomalyrelated magnetoresistance is still under debate. One of the concerns in these experiments was the location of the Fermi level; it is often far away from the Weyl nodes and a Fermi surface encloses multiple Weyl nodes. Our theory, however, shows that the magnetoresistance should remain finite even in such cases. This is consistent with the recent experiments in Cd 3 As 2 [58, 59] .
Another point regarding the experiment is the existence of multiple pairs of Weyl nodes. The unconventional electromagnetic response related to Weyl fermions often cancels out when taking into account of the existence of multiple nodes. For the chiral anomaly studied here, in the semiclassical limit, the total contribution from all pairs of Weyl fermions can be calculated simply by summing the contribution from each pair. Furthermore, as discussed in Eq. (5), each pair always gives a negative contribution to the resistivity. Therefore, no cancellation takes place. For instance, in Cd 3 As 2 [16, 71] , there are two Dirac nodes, i.e., two pairs of Weyl nodes which are degenerate. The total current induced by the chiral anomaly in this material is given by the sum of contributions from the two pairs.
A slightly complicated example of Weyl semimetal is the pyrochlore iridates, where a Weyl semimetal phase is expected in the vicinity of the phase boundary of metal-insulator transition [14, 72] , which is realized by controlling the temperature [73] , by applying magnetic field [74, 75] , or by chemical substitution [76] . In this material, there are four pairs of Weyl nodes of which a pair resides on each 111 direction; they are related by the cubic symmetry of the magnetically ordered phase. In this material, when the Fermi level is sufficiently above the Weyl nodes, all eight nodes are expected to be in the same Fermi surface. This is a situation where the above results on the two-node model do not directly apply. Furthermore, the anti-ferroic pattern of the position of the eight Weyl nodes generates a multipolar pattern of the Berry curvature in the momentum space, which may seem to cancel the anomaly-related phenomena. However, from the general argument on Eq. (5), we see that the cancellation does not occur as the anomaly-related current is proportional to the momentum integral of |W kα | 2 where W kα is defined below Eq. (4).
We here show that, in the semiclassical limit, the rate of charges pumped by the chiral anomaly is determined only by the total charge of Weyl nodes enclosed in the pocket, regardless of the Hamiltonian nor the shape of the pocket. We consider the case τ → ∞. In this case, the change of n kα become
Intuitively, the q 2 (E · B)b kα term in Eq. (A1) represents the change of wavepacket momentum; it flows along the Berry curvature b kα . In the case of the Weyl Hamiltonian, this gives a current flowing outward from/inward to the Weyl node, as the Weyl nodes are source/sink of b kα ; this violates the chiral-charge conservation, which is known as the chiral anomaly [7, 8] . In general Hamiltonian, the time derivative of electron number in the ith Fermi surface readṡ
Here, BZ (i) is a part of the Brillouin zone that encloses the region inside the ith Fermi surface
, n S is the unit vector perpendicular to the surface dS. From the first to the second equation, we used the Gauss law. In the second equation, the first term in the integrand is zero as v kα n S . Hence,Ṅ (i) α is proportional to the total charge of Weyl nodes
e., the amount of charge pumped between different Fermi surfaces is related to the topological property of the Weyl nodes. Therefore, the above argument on the "breakdown" of the chiral-charge conservation generally holds for arbitrary Hamiltonian whenever C (i) is nonzero. This implies that the chiral anomaly remains robust in Weyl semimetals, as the key feature of the Weyl Hamiltonian that gives rise to the chiral anomaly is the topological charge defined by b kα ; the chiral anomaly occurs whenever the nonzero C (i) exist inside the Fermi surface, regardless of the precise form of Hamiltonian, location of the Weyl nodes, nor how far the chemical potentials are from them. 
The results are the same for µ < 0 and µ > 0, as W k+ = −W k− and the current is proportional to the square of W k± , where + and − are respectively the conduction and valence bands of the Weyl node. We, however, note that the results of the Boltzmann theory are invalid when the Fermi level is close to the node, i.e., |µ| qτ |E|. This is a consequence of the band crossing, which its effect is not fully taken into account in the Boltzmann theory. The asymptotic form of J a ano shown in the main text is calculated from these analytic solutions.
2. Anomaly-related current around µ ∼ m 2 In the Hamiltonian in Eq. (7), the two Weyl nodes are separated by a saddle point at k = 0 and µ = m 2 , below which there exist two Fermi surfaces each contains a Weyl node and the two surfaces merge above. We here investigate how the two regions of µ connect at µ = m
2 . An explicit calculation shows σ 
